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Erasing diffraction orders: Opal versus Langmuir-Blodgett colloidal crystals
The optical transmission of photonic crystals self-assembled from colloidal nanospheres in opals and assembled from two-dimensional colloidal crystals in a periodic stack by the Langmuir-Blodgett technique has been compared. Elimination of all related zero order diffraction resonances other than that from growth planes and broadening and deepening of the remaining one-dimensional diffraction resonance have been observed for samples prepared by the Langmuir-Blodgett approach, which are explained in terms of the partial disorder of a crystal lattice. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2714198͔ Three-dimensional ͑3D͒ crystals prepared via selfassembly of colloidal particles 1 are proven to be suitable for converting into omnidirectional photonic band gap 2, 3 materials ͑PBG͒ and for integration with standard optical elements on a common platform. 4, 5 In spite of a broad variety of assembling techniques explored so far, the most energetically favorable face-centered-cubic ͑fcc͒ symmetry dominates the topology of colloidal crystal lattices. In order to overcome this inflexibility, forced construction is currently the only alternative. Such approaches use templates to direct the self-assembly, 6 micromanipulation for deterministic particleby-particle assembling a lattice, 7 or the Langmuir-Blodgett ͑LB͒ technique [8] [9] [10] for stacking a one-dimensional ͑1D͒ lattice from monolayers of prepacked two-dimensional ͑2D͒ colloidal crystals. Among these the LB method is arguably the only method which possesses a clear prospect for largescale implementation.
The LB approach has a distinct advantage over other methods of self-assembly for systems where only few monolayers are required as, for example, in photonic crystal ͑PhC͒ superlattices. However, the precise structure of LB colloidal crystals remains unclear. Scanning electron microscopy cannot resolve the cross section of LB crystals, because the film cleavages look relatively chaotic. 11 In order to clarify the structure of LB colloidal crystals and to evaluate the in pros and conts as potential PhCs, it would be instructive to compare their optical properties with that of opals. Recently we demonstrated that LB crystals can be described as ͑2+1͒D PhCs. 12 This approach conveniently allows the separation of the spectral range into two parts. The 1D part spans over the wavelength range ഛ2D, where D is the diameter of spheres. The 2D part comes into effect if Ϸ D.
The aim of the present letter is to discover what are the consequences in terms of optical properties imposed by the LB crystal topology as compared to those of an opal. We restrict our consideration to the wavelength range of the two lowest order PBGs of the opal.
Silica spheres of diameter D = 250 nm grown by the Stöber method 13 were rendered hydrophobic using 3-͑tri-methoxysilyl͒propyl methacrylate. Opals were prepared from these spheres by controlled evaporation from an ethanol solution on a glass substrate with the ͓111͔ growth axis of the fcc lattice along the substrate normal. 14 LB crystals were deposited on a glass substrate from doubly distilled deionized water subphase. 15 A barrier speed of 6 cm 2 / min was used during the compression of monolayers to allow spheres to form a hexagonal lattice. 10 The pressure at which the films were deposited was 4 mN/ m. Subsequent layers were deposited after drying the deposited ones. The LB film studied was 20 layers thick. The thickness of opal film was made nearly equal to this by adjusting weight fractions of a solution during the controlled evaporation process to facilitate the comparison.
Angle-resolved transmission spectra were acquired at different angles of incidence from 0°to 80°with respect to the film normal. A collimated light beam of 1 mm in diameter from a tungsten halogen lamp was delivered through a prism polarizer to allow for polarization-dependent measurements. The transmitted light was collected from a solid angle of 2°. A quarter-wavelength plate was used in front of the entrance slit of the spectrometer to transform the linear polarized signal into circularly polarized light.
Along the film normal, = 0°, the transmission spectrum of the opal film shows one minimum centered at 0 = 555 nm, while that of the LB crystal shows a corresponding minimum at 600 nm ͓Fig. 1͑a͔͒. At the oblique light incidence, = 55°, the transmission spectrum of the opal film contains two minima at 436 and 531 nm ͓Fig. 1͑a͔͒. These minima correspond to the gaps between 1-4 and 5-6 eigenmodes in the PBG structure of the opal. 16 These minima show the losses of the incoming beam due to its coupling to the diffraction orders of a 3D grating. As illustrated in Fig. 1͑b͒ , two minima in the transmission spectra from 3D lattice are accounted for by zero order light diffraction at two different sets of crystal planes. Without loss of generalization, only two sets of planes are shown with three corresponding diffraction orders in transmission ͑01T and 02T͒ and reflectance ͑01R and 02R͒. This is not the case in the LB crystal, where only one broad minimum centered at 480 nm is observed at = 55°.
Summarizing transmission spectra obtained at different incidence angles in one plot ͓Figs. 2͑a͒ and 2͑b͔͒, two a͒ Author to whom correspondence should be addressed; electronic mail: sergei.romanov@tyndall.ie branches of minima in the spectra of the opal in contrast to the one 1D branch for the LB crystal can be revealed. In order to identify the differences in topology between an opal and a LB colloidal crystal, it is instructive to compare the angle dispersions 0 ͑͒ of observed transmission minima ͓Fig. 3͑a͔͒. These dispersions were examined against the Bragg law 0hkl =2d hkl n eff ͱ 1 − sin 2 r hkl , where d hkl is the interplane distance along the ͓hkl͔ direction, n eff is the effective refractive index ͑RI͒ and r hkl is the internal angle between the incident beam and the ͓hkl͔ direction. The external angle of incidence is related to the internal angle r hkl via Snell's law: n eff sin͑r hkl ͒ = n air sin͑͒.
In the case of the opal, the descending dispersion branch of 01T minimum is well approximated by the Bragg diffraction from the ͑111͒ planes. An interplane distance d = 211 nm and the effective RI n eff = 1.324 were extracted from the Bragg fit. Assuming that the spacing between planes is d = 0.816D, as expected for an fcc lattice, the sphere diameter in the lattice is calculated to be D = 258 nm. The ascending branch of 02T diffraction minimum was fitted using parameters of ͑200͒ and ͑111͒ planes of the fcc lattice. Neither of these branches fit the experimental data particularly well, but they encompass the range of data location. This uncertainty can be explained by mixing different lattice orientations due to the polycrystallinity of the opal film. Exceptions from the diffraction model occur in the angle range from 40°to 50°, where multiple diffraction takes place. 16 This phenomenon is well explained in the PBG model of the opal. 17 The dispersion of the 01T transmission minimum in the spectra of the LB crystal obeys the same law as the ͑111͒ diffraction branch of the opal ͑Fig. 3͒. Applying the sphere diameter D = 258 nm, the grating period d = 229 nm and the RI n eff = 1.315 can be extracted. This produces interplane spacing d = 0.89D vs 0.816D in the opal. No deviation from the diffraction model was observed in the LB crystal, indicating its 1D PBG structure in this wavelength range. Since the sphere monolayers in LB crystals are well ordered, 12 the loss of all but one zero diffraction order in the LB crystal can be explained by the absence of a 3D ordering in its lattice ͓Fig. 1͑b͔͒.
It is worth noting that another 02T branch of very weak attenuation appears consistently at high angles of beam propagation ͓Fig. 2͑b͔͒. A Bragg fit to this branch gives an interplane spacing d = 203 nm and the angle of 64°with respect to construction planes ͓Fig. 3͑a͔͒. This branch resembles the diffraction in a 3D lattice, i.e., it points to a weak intermonolayer correlation in a LB stack, allowing one to segregate a system of planes spaced by d 2 = 0.79D.
The intrinsic misalignment of sphere monolayers in the LB crystal follows its layer-by-layer construction in contrast to opal self-crystallization, which incorporates spheres immediately in a 3D lattice. Since LB 2D crystals are fully formed before deposition, there is no adequate force to align monolayers in a 3D lattice. The larger monolayer spacing manifests the departure form the equilibrium packing.
The lack of lateral alignment between sphere monolayers affects the transparency of the LB film. Along the film normal, the transmission T decreases as T ϳ 0.61 in the LB sample and as T ϳ 0.36 in the opal. At = 80°the exponent grows to 1.7 in the LB film spectrum while remaining at 0.6 in the opal spectrum. Nevertheless, the transparency decrease remains much below the rate attributed to the Rayleigh scattering, indicating that the diffuse scattering regime was not approached.
The thickness of the opal film was estimated from the period of Fabry-Pérot oscillations, ⌬E ͓eV͔, which are superimposed on the transmission spectrum measured along the film normal in the spectral region of the PhC transparency, using the expression t = 1239/ 2n eff ⌬E ͓nm͔. Thus the estimated the film thickness is 4350 nm, corresponding to 20-21 monolayers of spheres comprising the opal film. Similarly, the thickness of the LB film is 4500 nm, corresponding to the 20 layers deposited during the 20 deposition cycles. This allows quantitative comparison of transmission minimum parameters in opal and LB crystals. At = 0°the 01T for the LB film is about twice as broad as the similar ͑111͒ minimum for the opal, and the relative bandwidth ⌬ / 0 Ϸ 0.13 vs 0.07 applies, where ⌬ is the full width at the half minimum. Moreover, this difference is preserved over the angle range from 0°to 40°͓Fig. 3͑b͔͒. Slight broadening of the resonance with the increase of the angle can be a consequence of the lattice disorder.
The relative attenuation ⌬I / I 0 , where ⌬I is the depth of the minimum in transmission spectrum and I 0 is the transmission at the same wavelength projected from the transparency region, appears stronger in the 1D minimum of the LB crystal than in the ͑111͒ minimum of the opal; ⌬I / I 0 = 92% vs 71% at = 0°applies ͓Fig. 3͑b͔͒. Increase of this parameter along the angle increase is a consequence of the multiple diffraction in the opal.
Broadening and deepening of the 01T transmission minimum in LB crystals compared to that in opals can be considered as the PBG enhancement. The volume fraction of silica spheres in a LB film is significantly lower than that in an opal, and, consequently, monolayers become better geometrically resolved. Reduction of the volume fraction of a "heavy dielectric" while maintaining the RI contrast leads to the PBG broadening. 18 Since the minimum broadening is accompanied by a higher attenuation, inhomogeneous broadening is an unlikely mechanism. The lateral randomization of sphere planes in the LB crystal lattice cannot itself be a reason for a PBG enhancement in analogy to disordered opals. According to theoretical predictions, stacking faults in the fcc lattice, which are represented by a random . . .ABACAB... plane sequence instead of regular one will not generate band broadening along the ͓111͔ axis. 19 In summary, we have found that the lattice of a LB crystal is far from being that expected under in equilibrium selfassembly conditions. However, a weak 3D ordering is present in a LB crystal, the reason for which is not clear at the moment. The specificity of a LB crystal appears as follows: ͑i͒ the 1D periodicity in the LB crystal brings welldefined zero order diffraction at construction planes, ͑ii͒ the misalignment of monolayers erases all but construction plane zero order diffractions in contrast to a 3D diffraction in opals, ͑iii͒ the coexistence of order and disorder strengthens the zero order diffraction resonance, and ͑iv͒ the intrinsic disorder of the LB lattice reduces the sample transparency. FIG. 3 . ͑a͒ Dispersion of the transmission minima for the opal ͑circles͒ and the LB ͑pentagons͒ films. The thin and thick solid lines show fits of experimental data to the Bragg law for the opal and the LB crystal, respectively. Fitting parameters for the opal are chosen in accord with the symmetry of the fcc lattice. ͑b͒ Relative resonance bandwidth ͑curves 1 and 2͒ and relative light attenuation ͑3 and 4͒ of the ͑111͒ and 1D diffraction resonance in the opal ͑circles͒ and LB ͑pentagons͒ films.
